in Wiley Online Library (wileyonlinelibrary.com) Glycans play important biological roles in cell-to-cell interactions, protection against pathogens, as well as in proper protein folding and stability, and are thus interesting targets for scientists. Although their mechanisms of action have been widely investigated and hypothesized, their biological functions are not well understood due to the lack of deglycosylation methods for large-scale isolation of these compounds. Isolation of glycans in their native state is crucial for the investigation of their biological functions. However, current enzymatic and chemical deglycosylation techniques require harsh pretreatment and reaction conditions (high temperature and use of detergents) that hinder the isolation of native glycan structures. Indeed, the recent isolation of new endoglycosidases that are able to cleave a wider variety of linkages and efficiently hydrolyze native proteins has opened up the opportunity to elucidate the biological roles of a higher variety of glycans in their native state. As an example, our research group recently isolated a novel Endo-b-N-acetylglucosaminidase from Bifidobacterium longum subsp. infantis ATCC 15697 (EndoBI-1) that cleaves N-N 0 -diacetyl chitobiose moieties found in the N-linked glycan (N-glycan) core of high mannose, hybrid, and complex N-glycans. This enzyme is also active on native proteins, which enables native glycan isolation, a key advantage when evaluating their biological activities. Efficient, stable, and economically viable enzymatic release of N-glycans requires the selection of appropriate immobilization strategies. In this review, we discuss the state-of-the-art of various immobilization techniques (physical adsorption, covalent binding, aggregation, and entrapment) for glycosidases, as well as their potential substrates and matrices.
Introduction
Enzymes catalyze metabolic reactions in living organisms and/or substrate conversions in various chemical reactions. 1 Recombinant enzymes are used in a variety of industries, such as biofuel production, medicine, waste water treatment, drug metabolism, and the food industry. 2 The production of recombinant enzymes is often expensive, with the enzymes being generally unstable and sensitive to changes in process conditions such as pH, temperature, and substrate concentrations. 3, 4 These limitations can be minimized or even eliminated with enzyme immobilization. 5 Enzyme immobilization can be defined as the attachment of the enzyme to various support materials resulting in loss of mobility of the enzyme. 6 The selection of the optimal immobilization method is based on the physicochemical characteristics of the enzyme, support material and substrate matrix. 7 Various enzyme immobilization techniques have been developed since Nelson and Griffin first demonstrated in 1916 that invertase retains its activity on sucrose when adsorbed to charcoal. 8 There are several industrial applications of immobilized enzymes in the food industry. b-D-galactosidase is used to hydrolyze lactose into glucose and galactose for lactose-free milk as well as to produce prebiotic galacto-oligosaccharides via transgalactosylation. 9 Glucose isomerase is used to isomerize glucose into fructose to enhance the sweetening capabilities of corn syrup, and lipases have been used for enzymatic interesterification of fats and oils to improve *These authors contributed equally to this work. Correspondence concerning this article should be addressed to Juliana Maria Leite Nobrega de Moura Bell at jdemourabell@ucdavis.edu
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V C 2016 American Institute of Chemical Engineers physicochemical properties of triglycerides. 10 While A-amylase has not been adapted for immobilization at industrial scale due to the low cost of bulk enzyme, 11 the enzyme has been investigated for starch liquefaction using a variety of immobilization techniques, including entrapment in a synthetic matrix, adsorption onto a silica-based mineral, and covalently binding to polystyrene, carboxymethylcellulose, microcrystalline cellulose, polyacrylamide, among others [12] [13] [14] [15] [16] [17] [18] with a broad range of results. Industrial enzymes have a clear outlet for immobilization, whether for food, chemical, or other applications. However, novel and potentially promising enzymes lack the necessary research for understanding the immobilization process. As an example, glycans linked to glycoproteins are routinely analyzed by proteomics, but the necessary enzymes to cleave those compounds are costly and often inefficient. The purpose of this review is to discuss various immobilization strategies that are compatible with glycosidases to isolate a new class of compounds; N-glycans. In addition to the importance of enzyme and immobilization method synergy, the compatibility of the immobilization chemistry and matrix with whey proteins is also addressed to maximize accessibility of glycosidases to substrates and diffusion of the products through the immobilization matrix.
Glycans and Their Biological Functions
Glycans are oligosaccharides that can be attached to proteins through O-or N-glycosidic bonds. O-linked glycans (O-glycans) are linked to the polypeptide backbone via Nacetylgalactosamine to a hydroxyl group of a serine (Ser) or threonine (Thr) residue. N-linked glycans (N-glycans) are linked via N-acetylglucosamines (GlcNAc) to an asparagine residue of proteins (Asn) in the specific amino acid sequence Asn-X-Ser/Thr (where X can be any amino acid except proline). 19 Glycans are very attractive compounds for scientists due to their physical and biological functions. They are involved in cell-to-cell and cell-to-microbe interactions, proper protein folding, protection, stabilization and structural support. 20 Additionally, glycan moieties exhibit a broad range of functionalities. Sialylated glycans protect against rotavirus infection that cause infant diarrhea, while other studies suggest that sialic acid is essential for cognitive development and learning ability. 21 Sialylated glycans can also reduce the binding of leukocytes to endothelial cells while the neutral glycans do not exert any effect. 22 Despite the documented benefits of glycans, the industrial production of those compounds for investigation in humans and for potential commercialization is virtually nonexistent. Accordingly, there has been interest recently in utilizing a variety of glycoprotein sources from food production; in particular, whey proteins have been of great interest.
Major sources of glycans: whey as a case study Whey from cheese manufacture represents a major dairy industry co-product, and is a rich source of glycoproteins containing both N-linked and O-linked glycans. With annual global production surpassing 200 million tons annually, finding effective outlets and high value applications for whey has been a challenge for the dairy industry for over half a century. 23 The major components of whey are water (94%), lactose (4.5%), and protein (0.6%), which translates to an annual global whey protein production of over 1 million tons of protein, wherein only about half of the protein is isolated and further utilized commercially. 24 The glycoproteins present in whey include immunoglobulins, a-lactalbumin, lactoferrin, transferrin, osteopontin, as well as glycomacropeptide (GMP) liberated from j-casein during enzymatic coagulation of caseins. 25, 26 The above mentioned glycoproteins possess a variety of biological activities, such as antibacterial properties (lactoferrin and transferrin) as well as general bifidogenic properties in the infant gut. 25, 27, 28 As substrates for N-glycosidases, whey proteins may exhibit many properties due to varying extents of glycosylation and phosphorylation, molecular weight, conformation in solution, as well as isoelectric point (Table 1) .
Current status of processing strategies to release N-and O-glycans
Glycan release is based on various enzymatic and chemical methods. Although chemical methods (hydrazinolysis, beta-elimination, and trifluoromethanesulfonic acid) are rapid and simple, they often result in total destruction of glycans and the proteins themselves that hinders further investigations on these compounds. [38] [39] [40] The detergents used during chemical deglycosylation and the high reaction temperatures required to maximize process efficiency do not sufficiently preserve the native structure of the protein or glycan moiety for subsequent elucidation of their biological functions. Nondestructive large-scale methods to isolate both glycans and deglycosylated proteins will facilitate investigations into the biological mechanisms of glycoproteins vis-a-vis their polypeptide chains and attached glycans. glycoproteins. PNGases cleave asparagine-linked glycans by hydrolyzing the amide side chain. 41, 42 Although PNGases are active on several types of N-glycans, glycan release is limited if the proteins are in their native state, which would be of great interest when assessing the biological functions of the protein moiety. Additionally, PNGase efficiencies are also affected by the composition and complexity of glycans. As an example, if the glycans contain fucose a-1,3-linked to N-acetlyglucosamine, the N-glycans are resistant to hydrolysis by PNGase F. 43 Endoglycosidases F1, F2 and F3 show more activity on native proteins compared to PNGase F, but they have a limited activity on tri-and tetra-antennary glycans. We recently showed that a new endo-b-N-acetylglucosaminidase (EndoBI-1) isolated from Bifidobacterium longum subsp. infantis ATCC 15697 has the ability to cleave the N-N 0 -diacetyl chitobiose moiety found in the N-glycan core of high mannose, hybrid and complex N-glycans and is not affected by fucosylation of the N-glycan core. [44] [45] [46] [47] [48] Enzymatic removal of O-glycans is limited compared to N-glycans due to the lack of commercially available O-glycosidases and their limited activity on O-glycan cores. 49, 50 As a result of the lack of commercial O-glycosidases, and the general smaller body of research concerning O-glycans, this review will focus primarily on N-glycans. Various glycosidases and their specificities on the N-glycan core are shown in Figure 1 .
Challenges associated with the development of large-scale processes to produce N-glycans
Increasing the scale of glycan isolation is a prerequisite step for further investigation of their biological functions and potential commercialization. The major challenge associated with the large-scale production of glycans is the development of an effective glycosidase immobilization approach to reduce process costs and to obtain consistent and complete release of N-glycans from a variety of glycoproteins. As of this writing, all experiments concerning immobilization of N-glycosidases have been conducted at milliliter scale or smaller. While small substrates can easily reach the enzyme's active site, larger substrates such as DNA, RNA, proteins, and polysaccharides may face diffusional limitations upon immobilization within or upon a given matrix. Appropriate choice of immobilization method and support will have a considerable impact on the kinetics and overall performance of the enzyme, and therefore on the process economics. 51 In this review, we discuss a multitude of enzyme immobilization strategies and their compatibility with endoglycosidases, support materials and glycoproteins.
Immobilization Methods and Their Applications to N-Glycosidases
Enzyme immobilization methods are classified as irreversible immobilization (covalent binding, entrapment, and aggregation) and reversible immobilization (adsorption, ionic binding, affinity binding, and metal binding). In general, reversible immobilization techniques result in leaching of the enzyme that hinders the reuse of the enzyme and represents economic loss. However, when the reversibly immobilized enzyme activity is decreased, the support material can be reloaded with fresh enzyme. Irreversible immobilization may minimize enzyme loss via strong binding of support material and enzyme, but enzyme activity may decrease due to active site occlusion and inherent diffusion issues. Various immobilization strategies and their general characteristics are listed in Figure 2 .
Covalent binding
Covalent binding is a common method of enzyme immobilization, and is based on the attachment of enzymes to water insoluble carriers via covalent bonds. The functional groups that participate in this binding are amino, thiol, carboxyl, imidazole, phenolic, indole, and sulfhydryl groups. [52] [53] [54] These groups themselves are not necessarily essential for the catalytic activity of enzyme, but covalent binding is achieved via the binding of these functional groups to the support material. 6, 55 Successful binding requires the activation of the support material by reactive compounds and the subsequent modification of the polymer backbone for the matrix activation. The strong binding of the enzyme to the carrier prevents shedding of the enzyme. 56, 57 However, the primary drawback of covalent binding is decreased enzyme activity after immobilization. 11, 58 Direct linkage between the amino acid residues of the enzyme and support material limits the enzyme mobility, which may result in low enzyme activity. 2, 59 This drawback can be eliminated by the use of a spacer arm to prevent steric hindrance of enzyme and provides higher mobility to the enzymes. 60 Immobilization of enzyme on carriers with a flexible spacer arm can be achieved with functional reagents such as glutaraldehyde or isocyanate. 61, 62 Various covalent binding strategies and their performance in terms of activity stability and reusability are described in Table 2 .
One of the first uses of immobilized N-glycosidases was reported in 1987 with cyanogen bromide (CNBr) activated Sepharose 4B beads, wherein PNGase F was used to deglycosylate human chorionic gonadotrophin for oligosaccharide analysis. 63 Monolithic and particulate supports made of a variety of materials have also been used in either stirred reactors or integrated into a column for glycan release. Fused silica tubing can be activated with Bind-Silane and acrylamide, after which the enzyme to be immobilized can be added, and the interior of the tubing will have support-bound immobilized enzyme. Using PNGase F, this flow-through reactor configuration was shown to reduce the required reaction time from 18 h to 3.5 min, while the reactors themselves were stable for 8 weeks of storage and reuse. 64 Other monolithic supports using silica capillaries for flow-through deglycosylation using PNGase F have relied on the activation and immobilization mechanism of poly (glycidyl methacrylateco-ethylene dimethycrylate), which has itself been activated using various chemistries. This method is reported to have better overall enzyme utilization due to the lack of enzyme entrapment in acrylamide in the method described above. 65 Another monolithic support used in N-glycan characterization is detonation nanodiamond, which has a remarkably high surface area and functional group density. There was a notable decrease in reaction time from over 10 h to 10 min using the immobilized enzyme for deglycosylation. 66 Similarly, functionalized graphene oxide has been used as a support for PNGase F, which has yielded similar results in terms of drastically reduced reaction times due to high enzyme packing on the multitude of functional groups on the graphene oxide surface and excellent reusability and stability over the course of several months. 67 Further efforts to optimize flow-through reactor designs include a recombinant PNGase F in order to facilitate directional immobilization on the monolithic support. This allows for better substrate access to the enzyme's active site, improved kinetics and an overall faster reaction. With this configuration, deglycosylation times below a minute were achieved for bovine ribonuclease B (RNase B). 65 The vast majority of covalent binding immobilization techniques implement random binding with the functionalized support, wherein any primary amine group on the enzyme will covalently bind to the support in a random fashion. Oriented immobilization, however, aims to direct the active site away from the support and towards the bulk substrate to minimize diffusional and steric hindrances. While this has primarily been investigated for proteomic and microarray-based approaches as well as for other biologically active proteins such as antibodies, industrial-scale directional immobilization could yield substantial kinetic and therefore operational benefits for enzymatic reactions. 68, 69 For example, glutathione-S transferase and PNGase F fusion proteins have been expressed heterologously in E. coli, initially as a method to facilitate enzyme removal for subsequent protein crystallization. 70 This same fusion protein has been adapted for improved immobilization of PNGase F on a monolithic support with quite favorable results. 65 The typical overnight reaction time with free PNGase F was decreased to several minutes with nonoriented immobilization in a silica capillary, and further reduced to 15 s with oriented immobilization. Excellent reactor stability and reusability was also observed with cold storage. 63 and Krenkova et al. 65 .
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Figure 2. Covalent binding, entrapment, and physical adsorption immobilization techniques.
The only reported immobilization of an endo-b-N-acetylglucosaminidase (EndoF1) for protein deglycosylation has been using activated cellulose beads, wherein the aforementioned enzyme from Chryseobacterium meningosepticum was coimmobilized with PNGase F. Optimal conditions for the enzyme immobilization were shown to be pH 6, 1 h incubation at 48C. Similar enzyme activities were observed between free and immobilized enzymes in regards to the extent of deglycosylation within one hour as measured by SDS-PAGE. Additionally, the enzymes showed similar glycan release after immobilization, and 1 month of storage in buffer at 48C had no impact on the deglycosylation time of RNase B. 71 More generally, when considering industrial immobilization of enzymes, the hydrolysis of macromolecules and polymers can be challenging due to steric or diffusional limitations. 10 That said, pectin hydrolysis for fruit juice clarification has been proposed using an alginate-immobilized pectin lyase, as well as that same enzyme immobilized on a variety of other supports. 12 Combined microfiltration and pectin hydrolysis using a membrane-immobilized enzyme has been demonstrated. 72 Membrane-immobilized enzymes typically exhibit increased Michaelis constants compared to their free counterparts. Despite the increased Michaelis constants indicating reduced substrate affinity, membraneimmobilized enzymes could be advantageous for use with N-glycosidases when considering the possibility of fractionating glycan and protein moieties. Relative size differences between the glycoproteins and their released glycan moieties along with a series of molecular weight cutoff membranes could be exploited to achieve simultaneous release and fractionation of glycan moieties 73 
Other Proposed Strategies
Entrapment Entrapment immobilization is achieved by capturing the enzyme in a matrix, such as a gel or microencapsulation. 5 Unlike other techniques, most entrapment methods do not require chemical interactions between enzyme and support materials. This technique allows the substrates and the products to diffuse through the membrane or matrix, while enzymes are captured in the network. 74 Entrapment prevents the direct interaction of enzyme with the environment and its primary advantages include its low costs, rapid immobilization times, and high retained activity after immobilization. However, mass transfer can be extremely slow and enzyme loading capacity is limited. 75 Therefore, entrapment may not be appropriate for higher molecular weight molecules that cannot easily diffuse through the gel matrix. 76 Entrapment of N-glycosidases has yet to be investigated, likely due to the diffusional limitations of the large substrates. However, other endoglycosidases and enzymes with macromolecular substrates have been entrapped in a variety of matrices. Pectin lyase has been immobilized on various calcium alginate beads for the clarification of fruit juices, with promising results. However, challenges with inhibition and substrate access have hindered further development, with a substantial decrease in the maximum enzymatic reaction rate (V max ) and little effect on the Michaelis constant upon alginate entrapment. 77 For food-industry applications, calcium alginate gels have been investigated due to their compatibility in many food matrices for a variety of enzymes, including cheese ripening enzymes, glucose isomerase, and b-D-galactosidase. [78] [79] [80] That said, there has been limited investigation into the efficacy of alginate as an entrapment matrix for A-amylase, whose substrate (starch, a polymer of A-1,4 linked glucose monomers) is substantially larger than the aforementioned enzymes. 81 With proper supplementation of the alginate with silica gel, improved immobilization efficiency, and reusability was observed with the immobilized enzyme compared to without added silica. Additionally, pectinase has been immobilized within alginate beads to clarify fruit juices, with improved heat stability and reusability. 82 Additional commonly used matrices for entrapment of food enzymes include silica solgels, proprietary polyvinyl-alcohol gels, carrageenan, gelatin, and gellan. 
Adsorption
Enzyme immobilization by adsorption is based on the attachment of the enzyme on carrier surface via weak forces (electrostatics, hydrogen bonds, hydrophobic interactions, and Van der Waals forces). 83 Immobilization of enzymes by physical adsorption typically requires limited reagents and activation steps that make this strategy remarkably simple. The native structure of the enzyme is not drastically affected during immobilization, helping the enzyme maintain its activity. However, the amount of enzyme actually bound to the support as well as the reuse of physically adsorbed enzymes can be limited because of leaching of enzyme due to the inherently weak binding forces in nonionic interactions. A wide range of compounds can be used as carriers, such as inorganic compounds including silica, metal oxides, and cordierite, or organic carriers, such as chitin, starch, collagen and soluble dextrans. Enzymes adsorbed to a carrier can be eluted from the support material under gentle conditions.
Research regarding the adsorption of enzymes for immobilization in food applications is limited, although there are promising applications. It is worth noting that the first noted application of immobilized enzymes involved adsorption of the catalyst onto a solid support. Although the preparation can be difficult, the costs can be quite high, and the immobilized enzyme activity can be greatly diminished depending upon the support or matrix, there are multiple simple and effective adsorption methods for enzyme immobilization.
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A variety of enzymes in diverse reaction matrices have been investigated. However, no instances of immobilization of N-glycosidases via adsorption have been reported in the literature. As an example of enzymes with macromolecular substrates, excellent enzyme efficiency was obtained with high reusability by maintaining a consistent pH and ionic strength during catalysis with a pectinolytic enzyme cocktail adsorbed to an anion exchange resin. While the extent of enzyme leaching was not reported, the consistently high enzyme activities upon reuse suggest minimal enzyme loss. 84 Other investigators have found that optimum pH for reuse and physical stability of pectinase, in regards to adsorption of the enzyme via electrostatic interactions, can also be used to choose reaction matrices. Retained activity of over 85% after multiple reuse cycles, along with tunable adsorption, indicate promising immobilization of pectinase through electrostatic adsorption. 85 For A-amylase, it was found that while covalent binding retained not only high enzyme activity but also limited enzyme leaching, adsorption of the enzyme onto montmorillonite yielded extensive leaching. Importantly, the degree of leaching with adsorbed enzyme was a function of enzyme loading as well as reaction temperature. 13 A thermostable b-D-galactosidase was immobilized to Sepabeads functionalized with polyethylenimine to add anion-exchange properties to the bead surface. The immobilized enzyme exhibited improved thermal stability compared to the soluble counterpart, and also had minimal leaching after multiple reuse cycles. 86 In contrast, simple adsorption of b-D-galactosidase onto celite yielded vastly diminished enzyme activity when compared with covalent bonding and enzyme aggregation, yielding unfavorable results. 87 
Crosslinked enzyme aggregates (CLEAs)
Crosslinking enzymes into aggregates (CLEAs) for immobilization purposes is a promising method for enzyme immobilization first developed in the 1960s for protein crosslinking. 88, 89 This technology was applied to enzymes in the late 1990s, and was patented shortly thereafter. Glutaraldehyde, a bifunctional organic molecule, has historically been used for enzyme and protein crosslinking, but recently polyfunctional molecules with a higher molecular weight have gained popularity due to the limited occlusion of the enzyme active sites in crosslinking compared with glutaraldehyde. 90 While CLEAs have as of yet had limited applications in food processing, they show great promise for many industries due to its high catalyst productivity. In comparison with other immobilization methods wherein inert or otherwise noncatalytic volume represents up to 99% of the added immobilized enzyme, the entirety of the mass of CLEAs is catalytic. 91 Although CLEAs of enzymes relevant to the food industry have been examined, they have targeted primarily low molecular weight substrates, such as the enzymes levansucrase, b-D-galactosidase, and glucoamylase, all of which exhibited improved thermal stability and high retained activity. 87, 92, 93 Additionally, a commercial blend of pectinases, xyalanases, and cellulases were treated with glutaraldehyde to form CLEAs, with results suggesting improved thermal stability, reusability, as well as an increased V max . 94 As a novel approach to carrier-free enzyme immobilization, it has shown great promise for future applications. To date, no CLEAs application of N-glycosidases has been reported in the literature.
Affinity immobilization
Affinity immobilization is achieved by precoupling the enzyme to an affinity ligand for the target enzyme or the enzyme is attached to an entity that provides affinity toward the matrix. This so-called immunoaffinity immobilization provides consistent enzyme stabilization, with a high proportion of activity retained upon binding. Additionally, the reversible nature of this method offers many benefits, such as the ability to reload the ligands (typically antibodies) with new enzyme and recover enzyme for purification purposes. 95 Glutathione-S-transferase-tagged PNGase F was used to deglycosylate three model glycoproteins (fetuin, RNase B, IgG), with improved reaction times compared to the free enzyme. 96 While affinity immobilization has not been extensively investigated at pilot-scale, lab scale experiments using b-D-galactosidase and cellulose-bound antibodies for b-Dgalactosidase harvested from rabbits have yielded promising results. This method allows for simultaneous purification and immobilization for reactions, and over 96% retained activity compared to soluble enzyme. 97 Additionally, a-amylase has been immobilized using Cibacron Blue F3G-A dye as affinity ligand to a cellulose membrane via a chitosan spacer arm. Reduced concentration polarization at the membrane surface was observed due to the hydrolytic activity of the enzyme on starch in the boundary layer. 98 
Immobilization Carriers
Selection of immobilization carrier materials is a crucial step for successful immobilization and product quality, and a thorough guide determining appropriate carriers and protocols for various applications has yet to be developed. 99 Carrier materials must be compatible with enzyme, insoluble, nontoxic, inexpensive, possess high stability and diffusivity, and enable a simple procedure.
6,100 Important parameters to consider when choosing an immobilization carrier for a particular application include the hydrophobicity, porosity, functionality, charge on the surface, effective surface area, particle size, chemical and physical stability, composition (organic vs. inorganic), and its status as food grade or not. 101, 102 Additionally, the carrier should be inert and compatible with the substrate matrix and enzyme itself.
While the so-called monolithic supports, which are characterized by superior hydrodynamic properties and mass transfer to traditional porous supports, have been validated for use in small-scale, flow-through microreactors, large scale immobilized enzyme reactors may not be appropriate for this application. 64, 65, 103 Commonly used support materials are functionalized cellulose, starch, ion exchange resins, silica, clay/ceramics, agarose, acrylamide, porous, and coated glass. However, practically any solid or gel-like material above described would possess appropriate functionalities and attributes to be considered a suitable support.
86,104-108
Conclusions
When considering enzymatic reactions at any scale, from microreactor to industrial applications, immobilization of the biocatalyst can be a crucial step towards making a more stable, simpler, and more economically viable bioprocess. Unfortunately, research on the immobilization of enzymes with large substrates (i.e., polysaccharides, proteins) is quite limited for industrial applications. With a growing interest in recombinantly produced enzymes including glycosidases, this research could prove invaluable for both basic research to elucidate biochemical roles of glycans and for improving large-scale isolation of those compounds. Additionally, understanding the economic implications, whether positive or negative, for a given process utilizing immobilized enzymes would help promote its future development. For glycosidases used in the proteomics and food industries, multiple immobilization protocols have been developed using methods that can be characterized as entrapment, adsorption, covalent binding, as well as others including immunoaffinity binding and enzyme aggregation. Moreover, numerous support materials have been utilized for all of these applications, with a variety of resulting enzyme stabilities and activities. For any given immobilized enzyme reactor, the substrate and matrix, enzyme, reactor, and carrier properties must be considered before developing an appropriate method. While diffusional limitations of macromolecular substrates in certain immobilization methods have been discussed herein, there is a lack of research involving suitable alternatives involving spacer arms or other factors such as directional immobilization to facilitate catalysis. Mechanistic understanding of factors such as spacer arms to improve substrate access and how it will affect heterogeneous catalysis will improve the development of enzyme immobilization for large substrates. Future efforts should be put towards improving the scalability of immobilization, as well as the development of immobilization protocols that focus on enzymes with high molecular weight substrates.
